PURPOSE: This study examined the dynamic range of motion (ROM) of the hip, knee, and ankle joint when wearing different shoe sole lifts, as well as the limb asymmetry of the range according to the leg length discrepancy (LLD) during normal speed walking.
are relatively common and can cause many musculoskeletal problems, such as hip osteoarthritis, knee pain, back pain, and scoliosis associated with biomechanical disorders [1] .
Previous studies reported that a LLD, as high as 2.5 cm, did not adversely affect the gait or running activities [5, 6] .
On the other hand, LLDs have a significant association with plantar fasciitis [7] , chronic low back pain [8] , stress fractures of the lower limbs among runners [9] , knee osteoarthritis [10] , and functional scoliosis in children [11] .
Clear verification of the biomechanical influences of LLD on the neuromuscular system is very important for preventing musculoskeletal problems of the lower limb and improving the walking ability [12, 13] . Most LLD studies using shoe sole lifts have used outcome measurements as the qualitative measures of gait [14] , pelvic and spine movement [15, 16] , feet pressure contact pattern and loading of the short leg [17] , and peak joint moments [18] . Few studies, however, have examined the relationship between LLD and dynamic joint ranges of the lower extremities using different shoe sole lifts and a three-dimensional (3D) motion analysis system while walking in healthy individuals. Therefore, this study examined the dynamic joint angles of the lower extremities when wearing different shoe sole lifts as well as the limb asymmetry of the range, according to an artificial LLD during free walking.
Ⅱ. Methods

Participants
This study recruited 40 healthy volunteers who met the selection criteria and consented to participate. The study population consisted of eight males and 32 females. The participants provided written informed consent after being given a detailed explanation of the experimental process.
The study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the institutional review board of Jeonju University (jjIRB-170615-HR-2017-0609).
Participants who could walk freely 10 m with an even gait were recruited for this study. Participants who had ≥ 1.0 cm of LLD, and any musculoskeletal problems of the lower limbs were excluded. The leg length was measured using a tape measure between the medial malleolus and the anterior superior iliac spine in the supine position [19] . The mean ages, heights, and weights of all participants were 20.7±1.4 years, 164.2±7.3 cm, and 61.4±10.5 kg, respectively.
Instrumentation and procedure
Three dimensional (3D) dynamic range of motion (ROM) data of the hip, knee, and ankle joints were obtained using a Vicon Motion Capture System (Vicon Inc., Oxford, England) with six T10 cameras operating at a 100 Hz sampling rate. Nexus 1.8.5 software (Vicon, Oxford, England) was used to process the captured ROM data in three planes. To calibrate six T10 cameras, a 7.5 cm calibration wand was used. to be calculated ( Fig. 3 ).
Data analysis
All analyses were conducted using SPSS (ver. 21.0; IBM Corp., Armonk, NY, USA). To confirm the normal distribution of the data, the Kolmogorov-Smirnov test was used. The maximum peak ROM values of each joint of the lower limbs were used for comparison analysis according to each shoe condition. In addition, the maximum ROMs of the ankle joint were used for the analysis based on the angle at 25% (mid-stance) of the total gait cycle of each shoe condition. One-way repeated measures Differences were considered significant at the α=.05 level.
Ⅲ. Results
Most ROM variables of the left short limb with each insole lift condition during walking were similar except for hip adduction and abduction ROM (p>.05) (Table 1) .
In contrast, the hip adduction ROM of the right long limb when wearing a shoe insole lifts showed significant differences compared to that without a shoe insole lift (p>.05) ( Table 2 ). In addition, the ankle ROM values were significantly different when wearing shoe insole lifts compared to that without a shoe insole lift (p<.05) ( Table 2) .
The right knee ROM showed significant increases in the ROM of flexion, extension, and internal rotation with 2 cm insole lifts, compared to the other shoe conditions (p<.05) ( of each insole lift during gait revealed a significant difference in; both hip joint adduction and abduction angles, which is believed to compensate for the pelvic inclination due to the LLD. The knee and ankle joints of the long legs showed significant joint angle changes in response to changes in the height of the insole, but the short leg knee and ankle joint angles did not show any significant differences. These results showed greater angular changes in the long limb joints with higher shoe lifts. Although no previous studies compared these results directly, Resende et al.[21] reported that of 19 healthy individuals, the participants preferred strategies to increase the short limb functional length (increased rearfoot plantarflexion and inversion angles and decreased knee and hip flexion angles) and reduce the long limb length (increased rearfoot dorsiflexion and eversion angles and knee and hip flexion angles). A previous study produced similar results to the present study in most ROM variables except for rearfoot plantarflexion and inversion ROM, possibly because the rearfoot ROMs were not measured in this study. The shorter leg showed smaller hip and knee flexion ranges and the longer leg showed larger hip and knee ranges in this study.
This means that when limping caused by the LLD occurred, the compensatory changes in joint angle were observed mainly on the long leg side. These results show that individuals use adaptations to strategically lengthen the short leg and shorten the long leg. Effects of Artificial Leg Length Discrepancies on the Dynamic Joint Angles of the Hip, Knee, and Ankle During Gait significant ROM differences were observed between both sides in many ROM motions, and the bilateral symmetry became worse. The symmetry results for the right and left knee and ankle ROM variables were also similar to those for the hip joints. In particular, shoes with 1 or 2 cm insole lifts resulted in significant changes in all knee ROM variables, except for internal rotation ROM. These results suggest that of the joints of the lower limbs, the knee joint is most sensitive to a height difference of the LLD during gait. The prominent aspect of the change in bilateral ankle joints using an insole lift was observed in the ROM of ankle supination and pronation. Blake and Ferguson[22] reported more rearfoot eversion on the long limb, which is in accordance with the study results showing increased ankle pronation on the long limb when wearing insole lifts.
In particular, a significant decrease in ankle supination and a significant increase in ankle pronation occurred in the long leg, and biomechanical adaptation was made to achieve equilibrium with a short opposite leg when wearing the results could provide important information for future LLD research on the kinematics and kinetics effect using shoe insole lifts. Further studies will be needed to examine the effects of these biomechanical variables in patients with LLD.
Ⅴ. Conclusion
The results showed significant differences in the ROMs of the long limb during walking with each shoe condition, compared to the short limb without insole lifts. As the insole lift height was increased, more ROM differences in many ROM variables were observed between the left and right limbs, and asymmetry of bilateral lower limbs was increased. Therefore, appropriate interventions for LLD will be needed because an artificial mild LLD of less than 2.0 cm can cause a range of musculoskeletal problems of the lower extremities, such as knee and ankle osteoarthritis. 
